Electrochemical oxidation of benzenediols (1-4) has been studied in the presence of dibenzoylmethane (5) as a nucleophile using cyclic voltammetry and controlled-potential coulometry. The results indicate that the electrochemically generated quinones participate in Michael addition reaction with 5 via various mechanisms to produce new benzofuran derivatives. We derived various products based on electrochemical oxidation in the controlled potential condition, at carbon electrode without toxic reagents in an undivided cell and ambient condition.
Catechols are a promising group of compounds worthwhile for further investigation, which may lead to the discovery of selective acting, biodegradable agrochemicals having high human, animal and plant compatibility. 1, 2) Also, heterocycles, particularly those containing oxygen or nitrogen atoms in the ring, are important building blocks for natural products and pharmaceutical reagents. In recent years, medicinal properties of benzofuran derivatives have been investigated widely and were shown to be effective as antitumor, 3) anti-depressant, 4) antifungal 1, 5) anti-hypertensive, and cytotoxic. 6) They are also potent and selective oxytocin antagonists, 7) PDE5 inhibitor for treatment of erectile dysfunction, 8) and H 3 receptor antagonists. 9) Thus, development of efficient methods to functionalize heterocyles is critical for synthetic chemistry and we thought that synthesis of organic compounds with both structures of catechol and benzofuran would be interest from the point of view of pharmaceutical properties. This idea prompted us to investigate the electrochemical oxidation of benzenediols (1) (2) (3) (4) in the presence of dibenzoylmethane (5) as a nucleophile. We herein report the development of procedure for one-pot, efficient, and regioselective synthesis of some benzofuran derivatives with high conjugation by electro-oxidation of benzenediols in the presence of 5.
Results and Discussion
The electrochemical study of 1 mM solution of catechol (1) in a 50% mixture of water/acetonitrile solution has been performed using cyclic voltammetry (Fig. 1, I , curve a). The voltammogram shows one anodic (A 1 ) and corresponding cathodic peak (C 1 ) which correspond to the transformation of 1 to o-quinone (1a) and vice versa (Chart 1, Eq. 1).
10,11) Figure  1 , I, curve b, shows cyclic voltammogram of 1 mM of 1 in the presence of 5 in the same conditions. In this condition, the height of cathodic peak (C 1 ) decreased and a new cathodic peak (C 2 ) appeared at a lower potential. Decreasing of C 1 is due to the arriving of 1a in following chemical reaction. The positive shift of the A 1 peak in the presence of 5 is due to the formation of a thin film of product at the surface of the electrode inhibiting to a certain extent the performance of electrode process. 10, 11) In this figure, curve c is the cyclic voltammogram of 5. Furthermore, proportional to the augmentation of potential sweep rate, the peak current ratio (I pa /I pc ) in- (II) Voltammograms at Various Scan Rates Scan rates from a) to e) are: 10, 50, 100, 250 and 400 mV s Ϫ1 , respectively. Solvent system 50% mixture of water/acetonitrile solution containing 0.10 M sodium acetate. tϭ25°C.
Chart 1 creases (Fig. 1, II) . A similar situation is observed when the 5 to 1 concentration ratio is decreased.
On the other hand, the current function for the A 1 peak, (I pa /v 1/2 ), decreases on increasing the scan rate and such a behavior is adopted as indicative of an ECEC mechanism. 12) Also, proportional to the augmentation of sweep rate, the height of the C 2 peak decreases. This peak disappears in very high or low scan rates. Controlled-potential coulometry was performed in a cell containing 0.2 mmol of 1 and 0.2 mmol of 5. Cyclic voltammetric analysis was carried out during the coulometry shows the progressive formation of new anodic peak (A 3 ) and its cathodic counterpart (C 3 ) parallel to the disappearance of A 1 peak, this peak (A 3 ) is related to the transformation of intermediate 1c to 1d (Chart 1). Also, C 2 peak decreased parallel to decrease in the height of C 3 . This peak can be related to the over-reduction of 1c. All anodic and cathodic peaks disappear when the charge consumption becomes about 4e Ϫ per molecule of 1 (Fig. 2 ). These observations allow us to propose the pathway in Chart 1 for the electro-oxidation of 1-3 in the presence of 5. According to our results, it seems that the Michael addition of anion enolate 5 to 1a (Eq. 2) is faster than other secondary reactions, leading to the 1c. The oxidation of 1c is easier than the oxidation of 1 by virtue of the presence of an electron-donating group. The intramolecular Michael addition reaction is last step (Eq. 4) to formation of benzofuran derivative 1f as a final product. The over-oxidation of 1f was circumvented during the preparative reaction because of the more difficult oxidation of it.
10) The electro-oxidation of 3-methlycatechol (2) and 3-methoxycatechol (3) in the presence of 5 proceeded in a similar way to that of 1.
The presence of a methyl or methoxy group at the C-3 position of 2a and 3a could mean that the corresponding oquinones could be attacked by the anion of 5 at either or both C-4 and C-5 positions to yield two isomeric products. However, the comparison of experimental and calculated, 13 ) 1 Hand 13 C-NMR data showed formation of 2f and 3f, respectively. In the case of 3, also, we obtained a novel quinone methide type compound 3j via intermolecular Michael addition of anion 3 to the o-quinone 3d, reoxidation of adduct 3h and tautomeric conversion of o-quinones 3i to p-quinone methide 3j (Chart 2). The extension of p-conjugation is driving force of conversion of 3i to 3j. 14) Under the same conditions the electro-oxidation of 2,5-dihydroxybenzoic acid (4) in the presence of 5 has been studied. Figure 3 , curve a, shows the cyclic voltammogram obtained for a 0.25 mmol solution of 4 in the presence of 0.25 mmol 5. It was observed that, proportional to the advancement of coulometry, the anodic peak A 1 decreases and a new anodic peak (A 2 ) appears and its current increases. Peak A 2 is related to irreversible oxidation of benzofuran 4e. The irreversibility character of this peak indicates that there is no hydroquinone ring in the structure of final product (4e). Hydroquinone rings show a reversible or quasi-reversible behavior.
11) Peak A 1 disappears and peak A 2 reaches to a maximum value when the charge consumption becomes about 2e Ϫ per molecule of 4. These observations allow us to propose the pathway in Chart 3 for the electro-oxidation of 4 in the presence of 5.
The Michael addition of anion enolate 5 to p-quinone 4a (Eq. 2) leading to the 4c. The ring-chain tautomerism 15) and the removal of a water molecule from 4d (dehydration) are the last steps (Eq. 3) to formation of benzofuran derivative 4e as a final product. The over-oxidation of 4e was circumvented during the preparative reaction because of the more difficult oxidation of 4e.
11) The electro-oxidation of 4 in the presence of 5 is considered to involve the Michael acceptor 4a could be attacked at positions C-2, C-4 or C-5 to yield three isomeric products. However, the comparison of experimental and calculated, (Charts 1-3) . The overall reaction mechanisms for anodic oxidation of benzenediols (1) (2) (3) (4) in the presence of 5 are presented in Charts 1-3. According to our results, it seems that the Michael reaction of this nucleophile to Electrogenerated benzoquinones leads to the formation of new benzofuran derivatives as final products, with high atom economy, good yields and purity in one-pot manner.
Experimental
Apparatus and Reagents Reaction equipment is described in an earlier article.
10) All chemicals were reagent-grade materials, and Sodium acetae was of proanalysis grade. These chemicals were used without further purification.
Synthesis of Products In a typical procedure, a solution (ca. 80 ml) of 0.1 M sodium acetate in water/acetonitrile (50/50) containing 1 mmol of benzenediols (1-4) and dibenzoylmethane (5) (1 mmol) was electrolyzed in an undivided cell equipped with carbon anode (an assembly of four rods, 6 mm diameter and 6 cm length) and a large platinum gauze cathode at the chosen potential ( Table 1 ). The electrolysis was terminated when the decay of the current become more than 95%. At the end of electrolysis, the electrolyzed solution was added to an aqueous solution (ca. 200 ml) containing acetic acid (1%) and potassium chloride (2.5 g), and was placed in a refrigerator overnight. The precipitated solid was collected by filtration and then has been recrystallized by slow diffusion of n-hexane vapor into ethyl acetate solution.
Compounds Characterization (5,6-Dihydroxy-2-phenylbenzofuran-3-yl)(phenyl)methanone (1f) 
